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INTRODUCTION

PI3 kinase pathway activation is common in advanced prostate cancer (PCa) and is mediated
primarily by PTEN loss, suggesting that it may be independent of activation by upstream
receptor tyrosine kinases (RTKS) or nonreceptor tyrosine kinases and therefore unresponsive to
tyrosine kinase inhibitors. However, in studies presented in the proposal, we found that the p85
regulatory subunit of PI3 kinase is associated constitutively with ErbB3 and two other tyrosine
phosphorylated proteins in PTEN deficient LNCaP and C4-2 PCa cells. Treatment with an
ErbB2 inhibitor (lapatinib) did not rapidly decrease PI3 kinase activity, but combined treatment
with lapatinib and sorafenib (a multi-kinase inhibitor) was as effective as a direct PI3 kinase
antagonist (LY 294002) at blocking PI3 kinase activity. Based on these data, we hypothesized
that a small number of upstream RTKSs (or nonreceptor tyrosine kinases) may be critical for PI3
kinase activation in PTEN deficient PCa, and that targeting these tyrosine kinases may be an
effective approach for suppressing PI3 kinase activity and PCa growth in vivo. The objective of
this proposal was to test these hypotheses, and more generally determine the molecular basis for
basal PI3 kinase activity in PTEN deficient PCa cells. The specific ams were as follows:

Aim 1. Identify the p85 associated tyrosine phosphorylated proteins in PTEN deficient
LNCaP and C4-2 PCa cells lines, and determine whether they mediate P13 kinase
activation.

Aim 2. Test the hypothesis that receptor tyrosine kinase inhibitors can be used to block
p85 membrane recruitment and suppress Pl 3 kinase activity in vivo in PCa xenogr afts.

BODY

Aim 1. Identify the p85 associated tyrosine phosphorylated proteins in PTEN deficient
LNCaP and C4-2 PCa cells lines, and determine whether they mediate P13 kinase
activation. We found previously a series of p85 associated proteins in LNCaP and C4-2 cells,
and also showed that p85 was associated with ErbB3. Therefore, in the studies below we initialy
focused on whether ErbB3 was one of the detected p85 associated tyrosine phosphorylated
proteins, and itsrolein PI3 kinase activation.

p85 interaction with ErbB3 is independent of ErbB3 phosphorylation and ErbB2 activity.
We found previoudly that p85 was associated with ErbB3 (Fig. 1A), but it was not clear if ErbB3
was one of the major tyrosine phosphorylated proteins associated with p85 or whether it was
mediating or contributing to PI3 kinase activation. Therefore, we further examined whether the
p85 interaction with ErbB3 was dependent on ErbB3 phosphorylation and mediating PI3 kinase
activation. To test this hypothesis, we determined whether initially depleting ErbB3 by
immunoprecipitation with anti-ErbB3 would decrease the p85 associated ~190 kDa tyrosine
phosphorylated band in a subsequent anti-p85 immunoprecipitation. As shown in figure 1B,
ErbB3 could be substantially depleted from the lysate by an initial immunoprecipitation with
anti-ErbB3. The ErbB-3 depletion also markedly decreased the amount of ErbB3 that was
coprecipitated with p85. However, this ErbB-3 depletion did not decrease the intensity of the
tyrosine phosphorylated band at ~190 kDa or other bands that were coprecipitated by anti-p85.
Moreover, the pTyr blot further indicated that ErbB3 immunoprecipitated by the anti-ErbB3 Ab
was not substantially tyrosine phosphorylated.



This result indicated that ErbB3 was not one of the mgjor the tyrosine phosphorylated proteins
associated with p85. However, we could not rule out the possibility that a small pool of heavily
tyrosine phosphorylated ErbB3 was associated with p85, and was not cleared by the anti-ErbB3.
Therefore, we next used siRNA to downregulate ErbB3 expression. As shown in figure 1C, total
ErbB3 expression was markedly reduced by ErbB3 siRNA versus a control SsSRNA. Moreover,
p85 associated ErbB3 was also decreased, although it again appeared that this decrease was less
marked than the decrease in total ErbB3. Importantly, there was again no decrease in the p85
associated tyrosine phosphorylated protein at ~190 kDa (Fig. 1D). Moreover, there was no
evident effect of the ErbB3 ssIRNA on PI3 kinase activity, as assessed by Akt phosphorylation at
SA73 or T308 (Fig. 1C).

Figure 1. p85 interaction with ErbB-3 is not dependent on tyrosine phosphorylation in
LNCaP cells. A, Lysates from serum starved LNCaP or C4-2 cells (2 days) were precipitated
with anti-p85 (p85) or control rabbit 19G (Rab 1gG), followed by blotting for ErbB-3. Input is
1% of the material used for the precipitation. B, LNCaP cells maintained in medium with 10%
FBS were lysed in TBS buffer with 1% TX-100 and immunoprecipitated with anti-ErbB-3 and
anti-p85 sequentially or with normal mouse serum (NMS) as control. The immunoprecipitates
were immunoblotted with anti-p-Tyr or anti-ErbB-3. C and D, LNCaP cells transfected with
SIRNA of ErbB-3 or non-targeted control SRNA were maintained in RPMI-1640 with 10% FBS
for 24 hr followed by serum starvation for 48 hr. Cell lysates were immunoprecipitated with
anti-p85 followed by immunablotting for anti-ErbB-3 (C) or anti-p-Tyr (D). Meanwhile, whole
cell lysates (10ug) were subjected to immunoblotting for anti-pAkt to assess the PI3 kinase
activity (C). Molecular markers are indicated at the margins.




Taken together, these results demonstrated that p85 was constitutively associated with ErbB3 in
LNCaP cells, but indicated that ErbB3 was not one of the major tyrosine phosphorylated proteins
associated with p85. To further address whether ErbB3 phosphorylation made any contribution
to the p85-ErbB3 interaction, we treated LNCaP cells with a dual EGFR/ErbB2 inhibitor
(lapatinib) to suppress any basal tyrosine phosphorylation of ErbB3. Using an anti-pTyr
immunoprecipitation followed by immunablotting to detect tyrosine phosphorylated proteins, we
found that lapatinib suppressed the basal tyrosine phosphorylation of both EGFR and ErbB2
(Fig. 2A). In contrast, there was no detectabl e tyrosine phosphorylation of ErbB3 in the presence
or absence of lapatinib (10uM for 6 hours), and no effect of lapatinib on Akt phosphorylation.
Moreover, lapatinib did not decrease the interaction between p85 and ErbB3, strongly supporting
the conclusion that this interaction is independent of ErbB3 phosphorylation (Fig. 2B).

Figure 2. ErbB-2 inhibition suppresses PI 3 kinase activity in LNCaP cells independently of
tyrosine phosphorylation of ErbB-3. A-C, serum starved LNCaP cells (2 days) were treated
with EGFR/ErbB-2 dual inhibitor lapatinib or vehicle (DMSO) for 6 hr at the concentration of
10uM. A, cell lysates were immunoprecipitated with anti-p-Tyr followed by immunoblotting for
anti-EGFR, ErbB-2, or ErbB-3. Phosphorylation of Akt was also assessed. B and C, cell lysates
were immunoprecipitated with anti-p85 or rabbit 1gG followed by immunoblotting for anti-
ErbB-3 (B) or anti-p-Tyr (C). D, serum starved LNCaP cells (2 days) were treated with PI3
kinase inhibitor LY 294002 (20uM) for 2 hr, lapatinib (5uM) for 24 hr, EGFR inhibitors Iressa (5
or 10uM) or Tarceva (5 or 10uM) for 24 hr. Cell lysates (10ug) were subjected to
immunoblotting analysis for PI3 kinase activity. Molecular markers are indicated at the margins
for panels B and C.

Surprisingly, the intensity of the p85 associated band at ~190 kDa detected by pTyr
immunoblotting was selectively decreased by lapatinib, suggesting that it may be an EGFR or
ErbB2 substrate (Fig. 2C). Based on this observation, we further examined the effects of longer
exposure to lapatinib on PI3 kinase activity. After 24 hours, lapatinib at 5 uM decreased Akt
phosphoryation, although phosphorylation of an Akt substrate (PRAS40) was not effected (Fig.
2D). In contrast to these effects of lapatinib, Akt phosphorylation was not decreased by two
EGFR specific inhibitors (Irressa and Tarceva), indicating that the effects of lapatinib were
mediated through inhibition of ErbB2.




P85 association with tyrosine phosphorylated proteins is not mediated by direct p85 SH2
domain binding. The p85 subunits associate with tyrosine phosphorylated proteins primarily
through their SH2 domains, which bind to proteins bearing pYxxM motifs. To determine
whether constitutive tyrosine phosphorylation of a specific protein was mediating p85
recruitment directly through SH2 domain binding, we next immunoblotted the p85
immunoprecipitates with a pYxxM motif specific antibody. This antibody weakly detected
severa discrete p85 associated proteins between 130-200 kDa in lysates from LNCaP cells
grown in 10% FBS (Fig. 3B). Discrete major p85 associated bands at ~190 kDa were detected by
the anti-pY xxM antibody after EGF or heregulin-B1 stimulation, with the band after heregulin-
B1 being consistent with ErbB3 (which contains 6 pYxxM moetifs). In contrast, the pYxxM
antibody did not detect discrete p85 associated proteins, or proteins corresponding to those found
by pTyr blotting, in lysates from cells cultured in serum free medium (Fig. 3B). As a further
sensitive assay to determine whether proteins containing pYxxM motifs were present in serum
starved LNCaP cells, whole cell lysates were immunoprecipitated with an anti-pTyr Ab and then
immunoblotted with the pYxxM motif Ab. As shown in figure 3C, several bands could be
detected when cells were grown in 10% FBS or were stimulated with EGF or heregulin-B1, but
not in the serum starved cells. Taken together, these data indicated that the association between
p85 and tyrosine phosphorylated proteins was not mediated by direct p85 SH2 domain binding.
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Figure 3. p85 association with tyrosine phosphorylated proteins in serum starved PTEN
deficient cells LNCaP cells is not mediated by the p85 SH2 domain. A, cell lysates (100]9)
from LNCaP or C4-2 cells grown in serum free medium (SFM) as well asin medium with 10%
FBS were immunablotted for anti-p-Tyr to assess tyrosine phosphorylated proteins. B and C,
LNCaP cells were either maintained in medium with 10%FBS or serum starved for 2 days.
Serum starved cells were then stimulated with EGF (20ng/ml, 5 min) or HRG-1 (40ng/ml, 15
min). Cell lysates were immunoprecipitated with anti-p85 (B) or anti-p-Tyr (C) and the
immunoprecipitates were blotted with anti-pYXXM. Molecular markers are indicated at the
margins.




PI3K isnot associated with tyrosine phosphorylated proteinsin PC3 cells. The data abovein
conjunction with our previopus data indicated that ErbB2, in conjunction with one or more
kinases targeted by sorafenib, contributed to PI3K pathway activation in PTEN deficient LNCaP
cells. Moreover, this inhibition correlated with loss of tyrosine phosphorylated p85 associated
proteins. However, we could not conclude from these results whether these tyrosine
phosphorylated proteins were required for p85 membrane recruitment and PI3K activation.
Therefore, to further assess the possible importance of p85 membrane recruitment by tyrosine
phosphorylated proteins, we examined p85 associated proteins from PC3 cells (also a PTEN
deficient PCa cell line) and a series of other cell lines. Significantly, the only tyrosine
phosphorylated band associated with p85 in PC3 cells was ~110 kDa, consistent with the p110
catalytic subunit of PI3K (Fig. 4A). This band was also found in a subset of other cell lines, with
no other tyrosine phosphorylated bands being common to multiple cells.

Figure 4. p85 is not associated with multiple tyrosine phosphorylated proteins in PC-3
cells. A, human prostate cancer cell lines PC-3, 22Rv1, Dul45, LAPC4, VCaP, human breast
cancer lines MCF-7, BT474, human rena carcinoma cell lines 7860 (PTEN deficient), SN12C,
and human cervix caner cell line Hela were serum starved for 1 day. Cell lysates were
immunoprecipitated with anti-p85 and the immunoprecipitates were immunoblotted for anti-p-
Tyr or anti-p85. Molecular markers are indicated at the left margin. B, Serum starved LNCaP (2
days) and PC-3 cells (1 day) were lysed and immunoprecipitated with anti-p-Tyr followed by
immunoblotting for anti-p110B or &. Input is 1% of the material used for the precipitation.

To support the conclusion that the tyrosine phosphorylated protein at ~110 kDa was the PI3K
catalytic subunit, we carried out anti-pTyr immunoprecipitations followed by immunoblotting
for each of the p110 isoforms. As shown in figure 4B, total p1100] levels were higher in LNCaP
versus PC3 cells (inputs), but comparable levels were precipitated by the anti-pTyr antibody
(with this blot indicating that ~1% of pl108 in serum starved PC3 cells is tyrosine
phosphorylated). It should be noted that p110 in these experiments may be precipitated indirectly
through an association with another tyrosine phosphorylated protein such as p85 in LNCaP cells,




although the p110 precipitation from PC3 is more likely direct as there is no detectable tyrosine
phosphorylation of p85 in these cells (Fig. 4A). In contrast to p110p, expression of pl1106 is
more comparable in LNCaP and PC3 cells, and only a very small fraction appears to be tyrosine
phosphorylated. Finally, there was no detectabl e tyrosine phosphorylation of p110a in either cell
(data not shown).

ErbB2 inhibition suppresses PI 3K activity in PC3 cells. The above results indicated that basal
PI3K activity in PC3 cells was not dependent on p85 recruitment by an activated RTK or
tyrosine phosphorylated adaptor protein. Therefore, we next determined whether basal PI3K
activity in serum starved PC3 cells was still inhibited by lapatinib or sorafenib. In contrast to
LNCaP cdlls, lapatinib at 5-10 uM was able to rapidly suppress PI3K activity in serum starved
PC3 cells (Fig. 5A) and in PC3 cells grown in 10% FBS (Fig. 5B). Sorafenib by itself was not
clearly active, but could enhance the activity of lapatinib, supporting the conclusion that these
drugs were inhibiting PI3K pathway activity by a mechanism distinct from preventing SH2
domain mediated recruitment of p85. Asin LNCaP cells, the EGFR specific inhibitors (Irressa
and Tarceva) were much less effective than lapatinib, indicating that the effects of lapatinib were
due to ErbB2 inhibition (Fig. 5C). Consistent with this conclusion, EGFR downregulation by
shRNA had no apparent effect on Akt phosphorylation or activity (as assessed by PRAS40
phosphorylation) in the PC3 cells (Fig. 5D).
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Figure 5. ErbB2 inhibition strongly suppresses P13 kinase activity in PC-3 cells. A, PC-3
cells were serum starved for 1 day and then treated with sorafenib (5uM, 10 hr), lapatinib (5uM,
10 hr), or combination (5uM each) for 1, 2, or 4 hours. Whole cell lysates (10ug) were
immnol otted with anti-pAkt or anti-pPRA 40 to assess PI3 kinase activity, B, PC-3 cells grown
in medium with 10% FBS were treated with sorafenib (10uM, 4 hr), lapatinib (10uM, 4 hr), or
combination (10uM each) for 1, 2, or 4 hours, and cell lysates (10ug) were immnolotted for
anti-pAkt or anti-pPRASA40. C, serum starved PC-3 cells (1 day) were treated with PI3 kinase
inhibitor LY 294002 (20uM) for 2 hr, lapatinib (5 or 10uM) for 24 hr, EGFR inhibitors Iressa (5
or 10uM) or Tarceva (5 or 10uM) for 24 hr. Cell lysates (10ug) were immnolotted with anti-
pAkt or anti-pPRAS40. D, PC-3 cells were infected with virus containing EGFR shRNAs (A6,
A7, A8, A9 or A10). Cells were maintained in DMEM medium with 10% FBS for 2 days and
then serum starved for 1 day. Cell lysates (10ug) were immnolotted with anti-pAkt or anti-
PPRA $40.

p110 tyrosine phosphoryation is mediated by c-Src and does not regulate PI3K activity.
Although the functional significance of pl10 tyrosine phosphorylation is not clear, based on
these results we considered that lapatinib or sorafenib may be suppressing p110 catalytic activity
by inhibiting its tyrosine phosphorylation. However, p85 immunoprecipitations followed by pTyr
immunoblotting showed that neither lapatinib or sorafenib treatment, or the combination,
decreased tyrosine phosphoryation of the p85 associated pl110 band in PC3 cells (Fig. 6A).
Similarly, pTyr immunoprecipitations followed by p110 immunoblotting indicated that p110p3
and pll10d tyrosine phosphorylation were not affected by lapatinib or sorafenib, or by the
combination (Fig. 6B). Importantly, blotting for pAkt and pPRAS40 indicated that PI3K activity
was decreased within 2 hours by the combined lapatinib plus sorafenib used in this experiment
(Fig. 6B).

We next examined the Phosphosite and Scansite databases to determine previously identified
sites of tyrosine phosphorylation on the PI3 kinase p110 catalytic subunits and candidate kinases
for these sites, which suggested phosphorylation by c-Src family kinases. Strikingly, treatment
with c-Src inhibitors (PP2 or dasatinib) resulted in the rapid and complete loss of p110 tyrosine
phopshorylation in serum starved PC3 cells, as shown by p85 immunoprecipitation followed by
pTyr blotting (Fig. 6A). Consistent with p110p being the predominant tyrosine phosphorylated
p110 isoform in PC3 cells (see Fig. 5B), pTyr immunoprecipitation followed by p110 blotting
showed a marked decline in p110p tyrosine phosphorylation (Fig. 6B). However, in contrast to
the effects of sorafenib plus lapatinib, c-Src inhibition did not markedly suppress Akt
phosphorylation or activity. It should again be noted that p110 may be precipitated by anti-pTyr
through an association with another tyrosine phosphorylated protein. However, the coincident
loss of the p85 associated tyrosine phosphorylated band at 110 (Fig. 6A) indicates that c-Src
inhibitors are directly decreasing p110p and p1105 phosphorylation.

PP2 and dasatinib also markedly decreased both p110 and p1105 tyrosine phosphorylation in
LNCaP cells, but again did not significantly decrease Akt phosphorylation or activity (Fig. 6C).
Moreover, the tyrosine phosphoryated p85 associated bands at ~130-190 kDa in LNCaP cells
were also markedly diminished by c-Src inhibition (Fig. 6D). The loss of these latter bands,
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without an effect of PI3K pathway activity, further supports the conclusion that PI3K activity is
not dependent on p85 recruitment by atyrosine phosphorylated RTK or adaptor protein.
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Figure 6. Phosphorylations of p110p and p1106 are mediated by c-Src but not correlated
with PI3 kinase activity. A and B, serum starved PC-3 cells (1 day) were treated with sorafenib,
lapatinib, combined sorafenib and lapatinib, Src inhibitors PP2 or dasatinib for 2 hr, all at 10uM.
A, cell lysates (10ug) were immunoprecipitated with anti-p85 and the immunoprecipitates were
immunoblotted for anti-p-Tyr. B, cell lysates were immunoprecipitated with anti-p-Tyr followed
by immunoblotting for anti-p110p or 6. Whole cell lysates (10ug) were immunoblotted with
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pSrc, pAkt, pPRASAO, total Src or Akt. C and D, serum starved LNCaP cells (2 days) were
treated with sorafenib, lapatinib, combined sorafenib and lapatinib, PP2 or dasatinib for 2 hr, all
at 10uM. B, cell lysates were immunoprecipitated with anti-p-Tyr followed by blotting for anti-
p110p or 8. Whole cell lysates (10ug) were immunoblotted with pSrc, pAkt, pPPRASAO, total Src
or Akt. D, cell lysates were immunoprecipitated with anti-p85 and the immunoprecipitates were
immunoblotted with anti-p-Tyr. Molecular markers are indicated at the left margins of panels A
and D.

Aim 2. Test the hypothesis that receptor tyrosine kinase inhibitors can be used to block
p85 membrane recruitment and suppress Pl 3 kinase activity in vivo in PCa xenogr afts.

Our focus over the past year has been on studiesin Aim 1 to understand the molecular basis for
PI3 kinase activation and PTEN deficient cells and the identity of upstream kinases, which can
then be assessed in vivo. However, we have carried out a series of further in vitro studies to
assess effects of EGFR and ErbB2 siganling pathways on PCa cells. These data have recently
been published and are included in the Appendix (Cai et al., 2009). We are currently initiating in
vivo studies with lapatinib in xenograft models and genetically modified mouse models.
Moreover, we have developed and are initiating a phase I/11 tria of lapatinib in combination with
maximal androgen suppression in patients with advanced castration resistant PCa, which will
provide \further critical insight into effects on PI3 kinase signaling in vivo over the next year.

KEY RESEARCH ACCOMPLISHMENTS

e Characterization of factors regulating basal PI3 kinase pathway activity in prostate cancer
cell.

e Identification of mechanism of action for upstream kinases EGFR and ErbB2 in prostate
cancer.

REPORTABLE OUTCOMES

Cai,C., Portnoy,D.C., Wang,H., Jiang,X., Chen,S., and Bak,S.P. (2009). Androgen receptor
expression in prostate cancer cells is suppressed by activation of epidermal growth factor
receptor and ErbB2. Cancer Res. 69, 5202-5209

CONCLUSION

We have examined whether basal PI3K activity in PTEN deficient PCa cells was dependent on
p85 binding to particular tyrosine phosphorylated RTK's or adaptor proteins, which might then be
therapeutic targets. Immunobotting of proteins associated with p85 in PTEN deficient LNCaP
and C4-2 PCa cells (serum starved or grown in serum containing medium) showed discrete
tyrosine phosphorylated proteins between ~130-190 kDa, but these proteins were not clearly
recognized by an anti-pYxxM motif antibody. LC/MS/IMS analysis showed that ErbB3 was
associated with p85 in serum starved cells LNCaP cells, but subsequent studies indicated that
ErbB3 was not one of the discrete tyrosine phosphorylated proteins associated with p85, and that
this interaction was not dependent of ErbB3 tyrosine phosphoryation (see below). Moreover, the
recovery of p85 associated tyrosine phosphorylated proteins was abrogated by c-Src inhibitors,
without an effect on PI3K pathway activity. Finally, p85 was not associated with tyrosine
phosphorylated proteins in PTEN deficient PC3 PCa cells. Taken together, these results showed
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that PI3K activity in PTEN deficient PCa cells was not dependent on p85 SH2 domain mediated
binding to tyrosine phosphorylated RTKs or adaptor proteins.

We could not consistently detect basal ErbB3 tyrosine phosphorylation in serum starved LNCaP
cells, and immunodepletion and SsSRNA methods further indicated that ErbB3 was not one of the
discrete p85 associated tyrosine phosphorylated proteins in LNCaP cells. Nonetheless, we used
lapatinib (dual EGFR/ErbB2 inhibitor) to further determine whether suppressing any low levels
of basal ErbB3 tyrosine phosphorylation would abrogate the p85 interaction with ErbB3.
Surprisingly, lapatinib markedly decreased p85 association with a discrete tyrosine
phosphorylated protein at ~190 kDa as detected by pTyr immunoblotting, but had no effect on
p85 binding to ErbB3 (as determined by ErbB3 immunaoblotting). The most straightforward
interpretation of these results is that the ~190 kDa tyrosine phosphorylated protein associated
with p85 protein isadirect or indirect target of EGFR/ErbB2 that is unrelated to ErbB3, although
we cannot completely rule out the possibility that it reflects a small pool of highly tyrosine
phosphoryated ErbB3. In any case, the data clearly show that most or all of the ErbB3
association with p85 is not dependent on ErbB3 phosphorylation and is presumably independent
of the p85 SH2 domains, with the p85 SH3 domain binding to a proline rich region in ErbB3
providing an alternative basis for the association.

While lapatinib did not impair the p85:ErbB3 interaction, lapatinib treatment of LNCaP cells for
24 hours substantially suppressed PI3K activity as assessed by decreased Akt phosphorylation at
473 and T308. Thisinhibition by lapatinib alone was more dramatic in PC3 cells, and could be
enhanced by the multi-kinase inhibitor sorafenib in both cells. Moreover, sorafenib aone at 10
[OM in serum starved LNCaP cells could rapidly suppress basal PI3 kinase activity. Interestingly,
sorafenib treatment also markedly decreased the recovery of p85 associated tyrosine
phosphorylated proteins at ~130 and ~150 kDa in LNCaP cells, which suggested that these
proteins might be mediating p85 recruitment. However, as noted above, these proteins were not
recognized by the pYxxM motif antibody and were not p85 interacting RTK's or adaptor proteins
that are directly targeted by sorafenib. Moreover, they were not observed in PC3 cells, indicating
they are not generaly critical for basal PISK activity. Finaly, treatment of LNCaP cells with c-
Src inhibitors resulted in loss of these bands in LNCaP cells without aloss in basal PI3K activity
(see below), further indicating that they are not critical for p85 recruitment and PI3K activity.

An alternative mechanism by which RTK inhibitors could possibly be suppressing PI3K activity
is by decreasing tyrosine phosphorylation of the p110 catalytic subunit. Previous studies have
shown that p110 is tyrosine phosphoryated at multiple sites, although the functional importance
of these sites and the relevant kinases remain to be determined. pTyr immunoprecipitation
followed by immuoblotting with isoform specific p110 antibodies indicated that p110p, and to a
lesser extent p1103, were tyrosine phosphorylated in both serum starved LNCaP and PC3 cells.
Sorafenib decreased both p110p and p110y phosphorylation in LNCaP cells, coincident with its
inhibition of PI3 kinase activity. However, p110 phosphorylation was not suppressed by
lapatinib in either cell, or by the combination of lapatinib plus sorafenib in PC3 cells. In contrast,
c-Src inhibition markedly decreased p110 tyrosine phosphorylation, but did not suppress PI3K
pathway activity. Taken together, these results indicate that lapatinib and sorafenib are not
suppressing PI3K activity by inhibiting pl110 phosphorylation, and that pl10 tyrosine
phosphorylation is not critical for PI3K activity in PTEN deficient PCa cells. Overall, our
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conclusions with respect to the RTK inhibitors is that their effects on PI3K pathway activity are
not due to altered p85 recruitment, Ras binding (data not shown), or p110 phosphoprylation, but
may reflect regulation of other PIP3 phosphatases or possibly protein phosphatases that target
Akt or PDK 1. Interestingly, the PIP3 phosphatase SHIP2 has been found to negatively regulate
Akt phopshorylation in PC3 cells, although this was not observed in LNCaP cells.

While the p110a catalytic subunit is activated by mutation in multiple cancers, arecent study has
shown that cellular transformation in the prostate specific PTEN-null mouse PCa model is
dependent on the p110p isoform  Similarly, PI3K activity and cell growth in several PTEN
deficient cell lines, including LNCaP and PC3, have been found to be pll0Ob dependent
However, the molecular basis for this dependency on p110b for PI3K activity in PTEN deficient
tumors has not been established. Consistent with these reports, we found that p85 was associated
predominantly with p110p. Moreover, based on the findings in this study, we suggest that the
basal RTK independent activity of p110p is markedly amplified by PTEN loss and drives the
selection for increased expression of pllOb (versus pllOa) in PTEN deficient cells. An
important corallary of this hypothesisis that p110p selective inhibitors may be effective initialy
or in early stage disease, but RTK activation in advanced tumors may allow cells to readily adapt
by signaling through p110c.
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Abstract

Prostate cancers (PCa) that relapse after androgen depriva-
tion therapies [castration-resistant PCa (CRPC)] express high
levels of androgen receptor (AR) and androgen-regulated
genes, and evidence from several groups indicates that ErbB
family receptor tyrosine kinases [epidermal growth factor
(EGF) receptor (EGFR) and ErbB2] may contribute to enhanc-
ing this AR activity. We found that activation of these kinases
with EGF and heregulin-R1 rapidly (within 8 hours) decreased
expression of endogenous AR and androgen-regulated PSA in
LNCaP PCa cells. AR expression was similarly decreased in
LAPC4 and C4-2 cells, but not in the CWR22Rv1 PCa cell line.
The rapid decrease in AR was not due to increased AR protein
degradation and was not blocked by phosphatidylinositol 3-
kinase (LY294002) or MEK (UO126) inhibitors. Significantly,
AR mRNA levels in LNCaP cells were markedly decreased by
EGF and heregulin-f1, and experiments with actinomycin D
to block new mRNA synthesis showed that AR mRNA degrada-
tion was increased. AR mRNA levels were still markedly de-
creased by EGF and heregulin-p1 in LNCaP cells adapted to
growth in androgen-depleted medium, although AR protein
levels did not decline due to increased AR protein stability.
These findings show that EGFR and ErbB2 can negatively reg-
ulate AR mRNA and may provide an approach to suppress AR
expression in CRPC. [Cancer Res 2009;69(12):5202-9]

Introduction

Androgen receptor (AR) plays a central role in prostate cancer
(PCa), with androgen deprivation therapies being the standard
initial systemic treatment, but tumors eventually recur despite
castrate androgen levels. These castration-resistant PCas (CRPC)
express high levels of AR mRNA, AR protein, and androgen-
regulated genes, indicating that AR transcriptional activity has
been reactivated. One mechanism contributing to this reactivation
is increased intratumoral androgen synthesis, but it seems clear
that PCa adapts to androgen deprivation through multiple me-
chanisms that generate adequate AR activity despite castrate levels
of circulating androgens (1-5). Evidence from several groups indi-
cates that the ErbB family receptor tyrosine kinases ErbB1 [epider-
mal growth factor (EGF) receptor (EGFR)] and ErbB2 (HER2, Neu)
contribute to enhancing AR activity in CRPC. Studies in PCa cell
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line and xenograft models have found increased EGFR or ErbB2 ex-
pression in tumors that relapse after castration, although this is not
a consistent finding in patient samples and these receptors may
also be enhanced by increased expression of ErbB ligands (6-14).

EGF can increase AR transactivation at low androgen levels,
which may be mediated by increased expression or phosphoryla-
tion of the transcriptional coactivator protein TIF2/GRIP1 (15-18).
The Ras-Raf-mitogen-activated protein kinase (MAPK) pathway
and c-Src, which are activated downstream of EGFR, may also
enhance AR responses to low levels of androgen (19-21). ErbB2
expression was increased in the LAPC4 xenograft model of CRPC,
and a dual EGFR/ErbB2 inhibitor could reduce AR transcriptional
activity and inhibit PCa xenograft growth after castration (6, 22). In
CWR22 xenograft-derived CWR-RI1 cells, heregulin stimulation of
ErbB2 enhanced AR activity and cell growth (23). Other studies
have shown that ErbB2 can enhance AR stability and that ErbB2
inhibition decreases AR DNA binding activity at low levels of an-
drogen levels by a phosphatidylinositol 3-kinase (PI3K)-dependent,
Akt-independent mechanism (6, 24, 25). In contrast, some studies
indicate that ErbB2 enhances AR activity through the MAPK path-
way or Akt (26, 27).

ErbB signaling also has been reported to negatively regulate AR
expression and activity. In one study, EGF decreased AR mRNA
and expression of androgen-regulated genes in LNCaP cells (28).
In other studies, heparin binding EGF (HB-EGF) was found to de-
crease AR protein expression through activation of mTOR and de-
creased AR mRNA translation (29, 30). EGF also decreased PSA
expression and secretion via the PI3K/Akt pathway in androgen-
independent LNCaP-C81 cells (31). Finally, Akt in LNCaP cells
may phosphorylate AR and enhance its ubiquitination by Mdm2
and degradation, but this seems to be dependent on cell passage
number (32-36). Due to the significance of ErbB signaling in PCa,
this study further examined how both EGF and heregulin-B1 regu-
late AR expression and activity in PCa cells.

Materials and Methods

Cell culture. LNCaP, LAPC4, C4-2, and CWR22-Rvl1 cells were cultured
in RPMI 1640/10% fetal bovine serum (FBS). HeLa and PC3-AR cells were
cultured in DMEM/10% FBS. For DHT treatment, cells were grown to 50%
to 60% confluence in medium with 5% charcoal/dextran-stripped serum
(CSS; Hyclone) for 2 d before treatment.

Real-time reverse transcription-PCR. Primers and probes for quanti-
tative real-time reverse transcription-PCR (RT-PCR) amplification were as
follows: PSA forward, 5-GATGAAACAGGCTGTGCCG-3; PSA reverse, 5-CC-
TCACAGCTACCCACTGCA-3; PSA probe, 5-FAM-CAGGAACAAAAGCGT-
GATCTTGCTGGG-3; AR forward, 5-GGAATTCCTGTGCATGAAA-3'; AR
reverse, 5'-CGAAGTTCATCAAAGAATT-3'; AR probe, 5'-FAM-CTTCAG-
CATTATTCCAGTG-3'. Each reaction used 50 ng RNA and was normalized
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by coamplification of 18S or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) RNA.

Immunoblotting. Cell extracts were prepared by boiling for 15 min in 2%
SDS buffer. Blots were probed with anti-PSA (1:3,000, polyclonal, BioDesign),
anti-AR (1:2,000, polyclonal, Upstate), anti-FLAG (1:3,000, monoclonal,
Sigma), anti-EGFR (1:1,000, polyclonal, Cell Signaling), anti-phosphorylated
EGFR (Tyr®*%; 1:1,000, polyclonal, Cell Signaling), anti-phosphorylated ErbB3
(Tyr'*%; 1:1,000, polyclonal, Cell Signaling), anti-phosphorylated AKT
(Ser*”; 1:1,000, polyclonal, Cell Signaling), anti-phosphorylated ERK
(Thr*?/Tyr***%; 1:1,000, polyclonal, Cell Signaling), anti-@-tubulin (1:2,000,
monoclonal, Chemicon), or anti—p-actin (1:5,000, monoclonal, Abcom). Blots
were developed with 1:5,000 antirabbit or antimouse secondary antibodies
(Promega).

Results

ErbB signaling decreases endogenous AR protein expres-
sion and represses AR transcriptional activity in LNCaP cells.
EGFR and ErbB2 signaling have been shown to increase AR ac-
tivity, but most work has been done on transfected AR or using
inhibitors, and it is unclear whether activation of ErbB receptors
increases endogenous AR activity in PCa cells. As expected, AR
protein and activity in LNCaP cells were significantly induced
by DHT, based on increased expression of androgen-regulated
PSA (Fig. 14). In contrast, EGFR and ErbB2 activation with
EGF and heregulin-R 1, respectively, markedly suppressed PSA in-
duction by DHT (Fig. 14, left and right, respectively). Moreover,
AR protein in the absence or presence of DHT was greatly re-
duced by EGF or heregulin-p1 (Fig. 14). The activation of ErbB2
by heregulin-p1 was confirmed based on phosphorylation of
ErbB3 (Fig. 14, right). EGFR phosphorylation was not seen after
24 h of EGF treatment (Fig. 14, left), consistent with its known
rapid degradation after activation (see Fig. 1D). Confirming that
EGF and heregulin-31 were suppressing PSA transcription, an-
drogen-induced PSA mRNA was markedly decreased by EGF
and heregulin-p1 (Fig. 1B). These results indicated that activation
of EGFR and ErbB2 were decreasing AR protein expression, lead-
ing to decreased AR activity (although both growth factors could

stimulate proliferation in the absence or presence of androgen;
data not shown).

To support this hypothesis, we next examined a range of EGF
and heregulin-p1 concentrations. EGF at 20 ng/mL, which maxi-
mally stimulated EGFR activation (data not shown), markedly de-
creased AR protein at 24 hours in hormone-depleted medium
(Fig. 1C, left) or in FBS medium (Fig. 1C, right), with a corresponding
decrease in PSA protein. Heregulin-R1 similarly decreased AR
expression, with the concentration required for maximal ErbB2
activation (40 ng/mL based on ErbB3 phosphorylation, data not
shown) being consistent with the concentration that decreased
AR and PSA protein (Fig. 1C). In time course experiments, EGFR
activation (based on Tyr*** phosphorylation) could be detected after
0.1 hour but not at later times due to receptor down-regulation
(Fig. 1D, left; data not shown). Robust ErbB3 phosphorylation was
similarly detected at 0.1 hour but persisted for 24 hours (Fig. 1D,
right). AR protein levels started to decline at ~2 hours, markedly
decreased at 8 hours, and remained low after 24 hours.

ErbB signaling decreases AR in other PCa cell lines. To de-
termine whether this repression of AR is LNCaP cell specific, we
tested additional cells. LAPC4 cells have a wild-type AR and
their growth is stimulated by androgen, but in vitro they express
minimal PSA. Both EGF and heregulin-R1 in these cells slightly
decreased the low levels of AR detected in the absence of DHT
and greatly reduced AR in the presence of DHT (Fig. 24). C4-2
cells were derived from a LNCaP xenograft that relapsed after cas-
tration, and the cultured cells have substantial AR activity (as as-
sessed by PSA expression) in steroid hormone-depleted medium.
EGF and heregulin-B1 both markedly decreased AR protein levels
in these cells, and heregulin-p1 also suppressed PSA expression in
response to DHT stimulation (Fig. 2B). Interestingly, PSA protein
was decreased by EGF in the absence of exogenous DHT but was
increased by EGF at 1 and 10 nmol/L DHT despite lower AR protein
levels, possibly reflecting a marked increase in the activity of a coac-
tivator in these cells (Fig. 2B). The AR in CWR22Rv1 cells has a point
mutation and a duplicated exon 3, and these cells do not produce
substantial PSA. AR protein in these cells could be increased by

www.aacrjournals.org

5203

Cancer Res 2009; 69: (12). June 15, 2009



Cancer Research

A
AR Sl B _J - "“.l - -- ---I AR |.‘... --||-..~- -'-|
PSA e e | reaEPTeg 99T ee

P (mweoeveees wewwwwesw| T coeeoe coven=
DHT 0 111010001 110100 O 110100 01 10100 pyr 0 1 10 1 1 0 1 1 0.1 1
J 1 J L I} L J L L

(nmol/L) buffer EGF buffer HRG (nmol/L) EGF buffer HRG

buffer

LAPC4 C4-2

c _ D
AR I—-"@.-.--..|

PSA |-_- S

AR|—-------”~-—-——-—---|

SYAEEEECEY | R 1.1 1]

B-Tub |--------”----——--|
EGF + + + +

BT [ waeeesee
DHT 0.11100.11100.1 1 10

Figure 2. Effects of ErbB signaling on

AR in other PCa cell lines. A-C, LAPC4,
C4-2, or CWR22Rv1 cells in 5% CSS
medium were treated with DHT

(0-100 nmol/L) in the absence or
presence of EGF or heregulin-B1 for

24 h, and equal amounts of protein were
then immunoblotted for AR and PSA
protein expression. D, bottom, LNCaP cells
in 5% CSS medium were treated with
EGF or heregulin-B1 in the absence or
presence of PD168393 (10 pmol/L) for O, 5,
15, or 30 min and then immunoblotted for
phosphorylated EGFR (P-EGFR; Tyr®*) or
phosphorylated ErbB3 (P-ErbB3; Tyr'2%9)

(min)
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DHT, but EGF and heregulin-1 had no clear effect on AR protein
(Fig. 2C).

As expected, the irreversible EGFR/ErbB2 inhibitor PD168393
effectively blocked both EGFR (pTyr®***) and ErbB3 (pTyr'*®°)
activation in response to EGF and heregulin-p1, respectively
(Fig. 2D, bottom). Moreover, EGF- and heregulin-p 1-mediated
repression of AR expression in LNCaP cells was abrogated by
PD168393 (Fig. 2D, top). Interestingly, PD168393 increased an-
drogen-induced PSA expression in the absence of growth factor
stimulation, possibly due to the inhibition of basal EGFR or
ErbB2 activity. Collectively, these data show that EGF, as well
as heregulin-p1, markedly decrease both unliganded and li-

ganded AR protein expression in several (but not all) AR- pos-
itive PCa cells.

ErbB signaling does not decrease expression of transfected
AR. The results above are in contrast to some previous results
with transfected AR (15, 18). Therefore, we used a triple-Flag
tagged AR cDNA driven by a cytomegalovirus promoter to exam-
ine transfected AR in LNCaP and HeLa cells. In contrast to the
above results with endogenous AR in LNCaP cells, EGF dramat-
ically increased transiently transfected Flag-AR protein expression
in the absence or presence of DHT (Fig. 34). Heregulin-p1 also
enhanced AR expression, but to a lesser extent than EGF.
Similar results were obtained in HeLa cells (Fig. 3B). Because

A B Figure 3. ErbB signaling does not
o off S o =9 o @ @) - ee docrdao sxpeaenon of anoctd A7
AR | *“ | P .....| 0 ) [ —— I. Fp—— -I transfected with 0.25 ug Flag-AR for

24 h and then treated with EGF or
B-Tub| e = = = = e I- o ---‘ Flag-AR + + + + + + + + heregulin-B1 in the absence or presence
EGF + + of DHT (10 nmol/L) for 24 h, and equal
Flag-AR + + + + + + + + HRG + + amounts of extracted proteins were
EGF + + L I L )L ] immunoblotted for Flag (transfected AR) or
HRG + + EtOH DHT  EtOH DHT total AR protein expression. B, Hela cells
L L ]t 1L ) ‘ ’ in 5% CSS medium were transfected
. EtOH DHT EtOH DHT , Hela with 0.25 ug Flag-AR for 24 h, then treated
LNCaP D with EGF or heregulin-B1 in the absence
‘z’: 2 or presence of DHT (10 nmol/L) for 24 h,
C - C . 154 and immunoblotted for AR protein
AR ‘. [ S .H et 1.1 1 1 ) .‘ nE: 2 expression. C, PC-3 cells that stably
<@ 1 express transfected AR (PC-3-AR) were
“Tub - H .M| 25 grown in 5% CSS medium for 2 d, then
B ’... hd K g 0.5+ treated with different concentration of
EGF 0 20 40 0 2040 2 o- EGF or heregulin-31 in absence or
(anr‘SL) | " | I0 20 40 100I I0 20 40 100I EGF 20 40 20 40 presence of DHT (10 nmol/L) for 24 h,
g EOH DET EiOH DHT HRG 40 100 40 100 and immunoblotted for AR. B-Tubulin
[ ) (ng/mL)L I J was used as loading control. D, AR mRNA
PC-3-AR EtOH DHT expression in PC-3-AR cells treated as
L FC3AR ! indicated for 24 h.
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transiently transfected cells express high levels of AR protein that
may not be regulated by physiologic mechanisms, we also exam-
ined PC3 cells (an AR-negative PCa cell line) that were stably
transfected with the AR expression vector. AR expression in
these cells was modestly increased by EGF, and expression in
the absence of DHT was markedly increased by heregulin-p1
(Fig. 3C). Significantly, AR mRNA levels in the PC3-AR cells were
not markedly altered by these growth factors, indicating that AR
protein translation or stability were being increased (Fig. 3D). In
any case, as these data showed that endogenous versus trans-
fected AR respond differently to ErbB pathway activation, we
continued to focus on mechanisms regulating endogenous AR
expression.

EGF decreases AR expression independently of PI3K and
Erk activation, whereas PI3K contributes to AR down-regula-
tion by heregulin-p1. We next examined whether the PI3K/Akt
or Ras/Raf/Erk pathways, both of which can modulate AR func-
tion, were required for the EGF- or heregulin-p1-induced
decrease in AR expression. LNCaP cells are PTEN deficient, so
PI3K pathway activation is evidenced by high basal phosphory-
lated Akt, which was further enhanced by EGF (Fig. 44, left
and middle). Heregulin-p1 more strongly increased phosphory-
lated Akt levels, reflecting the robust recruitment and activation
of PI3K by phosphorylated ErbB3 (Fig. 44, right). The PI3K in-
hibitor LY294002 completely blocked the basal and EGF-stimu-
lated Akt phosphorylation in LNCaP cells but did not prevent
the marked decrease in AR protein in response to EGF (Fig.
44, left and middle). In contrast, LY294002 substantially pre-
vented the decrease in AR protein by heregulin-R1, despite only

partially suppressing PI3K activation based on Akt phosphoryla-
tion (Fig. 44, right).

Whereas EGF did not markedly enhanced PI3K activity in
LNCaP cells, it very strongly activated the Ras/Raf/Erk pathway
as evidenced by immunoblotting for phosphorylated Erk1/2
(Fig. 4B, middle). The MEK inhibitor UO126 blocked Erk activation
in response to EGF but did not prevent the decrease in AR, indi-
cating that EGF is not suppressing AR expression through Erk
activation (Fig. 4B, middle). Heregulin-p1 only weakly stimulated
Erk, and UO126 similarly did not block its ability to decrease AR
expression (Fig. 4B, right).

As the above experiments examined AR after 24 hours, we next
examined whether PI3K was contributing to the rapid decline in
AR protein that can be clearly observed by 8 hours. Significantly,
LY294002 did not prevent the marked decline in AR protein medi-
ated by EGF or heregulin-B1 at 8 hours (Fig. 4C). We conclude that
PI3K contributes to the decline in AR protein at 24 hours but that a
distinct PI3K independent mechanism is mediating the rapid
decline in AR protein between 2 and 8 hours in response to EGF
and heregulin-p1.

AR protein degradation is not increased by EGF or heregu-
lin-B1. To determine whether EGF or heregulin-{31 were increasing
AR degradation, we used cycloheximide to inhibit new protein syn-
thesis and assess AR protein stability. Cells in steroid-depleted me-
dium (minus or plus DHT) were treated with cycloheximide alone
or in conjunction with EGF or heregulin-p1, which were added
2 hours before the cycloheximide. This 2-hour pretreatment with
growth factors was selected as AR protein expression is starting
to decline at this time, and longer pretreatment results in much
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lower baseline levels of AR that make half-life comparisons prob-
lematic. However, it should be noted that effects due to proteins
that are induced by androgen after 2 hours may be missed. Cells
were harvested at time 0 (immediately before cycloheximide addi-
tion) and at 4 to 24 hours. As seen in Fig. 54, neither EGF nor here-
gulin-p 1 substantially increased the rate of AR protein degradation
at up to 8 hours, although degradation at 24 hours was increa-
sed. These results indicate that increased AR protein degradation
does not account for the decline in AR protein levels that are ob-
served within 8 hours of EGF or heregulin-31 (see Fig. 1D) but may
contribute to a further decline at later times.

EGF and heregulin-p1 increase degradation of AR mRNA. As
AR protein degradation was not markedly increased by EGF or
heregulin-p1 after up to 8 hours, we next assessed effects on AR
mRNA. EGF markedly decreased endogenous AR mRNA by up to
~80% at 24 hours, whereas heregulin-p1 decreased AR mRNA by
~60% (Fig. 5B, left). These decreases occurred in the absence or
presence of androgen. Moreover, they were observed within 4
hours, consistent with the rapid decline in AR protein (Fig. 5B,
right). Significantly, AR mRNA levels were decreased by EGF and
heregulin-R 1 over a broad range of DHT concentrations, indicating

that these growth factors are overriding mechanisms that enhance
AR mRNA expression in response to androgen deprivation and low
AR protein levels (37).

A regulatory element that represses AR gene transcription has
been identified in the 5’ untranslated region (UTR), and it has
been reported that a complex of Pura and hnRNPk binds this
element and represses AR mRNA transcription (38-42). However,
we did not detect increased expression of Puroe or hnRNPk in
response to EGF or heregulin-p1 (data not shown). Although this
did not rule out posttranslational modifications in Pura or
hnRNPk or decreased AR transcription by other mechanisms,
we next examined AR mRNA stability. LNCaP cells (grown in me-
dium minus or plus DHT) were pretreated with growth factors
or vehicle for 8 hours, and actinomycin D was then added to
block the new mRNA synthesis. In the absence of DHT or growth
factors, AR mRNA had a half-life of ~8 hours, which was sub-
stantially decreased to ~4 hours in the presence of EGF or here-
gulin-R1 (Fig. 5C, left). EGF and heregulin-B1 similarly decreased
AR mRNA half-life in the presence of DHT (Fig. 5C, right). It
should be noted that the rate of AR mRNA degradation in the
untreated cells increases abruptly after ~4 hours, which may
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reflect an actinomycin D-induced degradative pathway and re-
sult in an underestimation of AR mRNA stability in the untreated
cells. In any case, the data indicate that increased mRNA degra-
dation contributes to the decline in AR mRNA in response to
EGF and heregulin-p1.

EGF and heregulin-p1 increase AR protein stability in
LNCaP cells adapted to growth in androgen-depleted medium.
Studies using patient samples and xenograft models have shown
that AR mRNA levels are high in CRPC and are increased relative
to primary untreated PCa (4, 43-45). Therefore, as EGFR and ErbB2
activities may be increased in CRPC, we considered whether EGF
and heregulin-B1 would still suppress AR mRNA levels in PCa cells
adapted to grow under androgen-deprived conditions. To test this
hypothesis, we changed the growing condition of LNCaP cells from
medium with normal FBS to medium with steroid-depleted CSS.

Short-term culturing (1 week) in CSS medium did not signifi-
cantly affect the suppression of AR protein by EGF or heregulin-
B1 (data not shown), but a longer-term culture (~4-6 weeks) in
CSS medium did alter this response. As shown in Fig. 64, AR
protein levels in the LNCaP-CSS cells (cells grown in CSS medium
for ~4-6 weeks), in the absence or presence of DHT, were not
decreased by EGF or heregulin-p1 (Fig. 64). Inmunoblotting for
EGFR (which is rapidly down-regulated in response to activation)
and pErbB3 confirmed that both the LNCaP and LNCaP-CSS cells
were stimulated by EGF and heregulin-p1. Interestingly, in the
LNCaP-CSS cells, heregulin-p1 stimulated the expression of PSA

in the absence of added DHT (Fig. 64, right), consistent with the
conclusion that ErbB2 stimulation can, under some conditions, en-
hance AR transcriptional activity in the absence of androgens or at
low androgen levels (6, 23-25).

Significantly, AR mRNA levels were markedly increased in the
LNCaP-CSS versus the parental LNCaP cells and rapidly declined
in response to DHT (Fig. 6B). However, although EGF and here-
gulin-p1 did not decrease AR protein levels in the LNCaP-CSS
cells, they both still markedly decreased AR mRNA levels in the
absence and presence of DHT (Fig. 6B). Therefore, as these
growth factors were still decreasing AR mRNA but not AR pro-
tein, we examined AR protein stability in the LNCaP versus
LNCaP-CSS cells (pretreated for 2 hours with EGF or heregulin-
B1 before addition of cycloheximide at time 0). AR protein was
less stable (half-life ~1 hour) in the LNCaP-CSS cells grown in
CSS medium than in the parental LNCaP cells in the same
medium (half-life ~2.0 hours; Fig. 6C), indicating that the
LNCaP-CSS cells adapted to androgen deprivation primarily by
increasing AR mRNA levels. However, in contrast to the parental
LNCaP cells (see above), both EGF and heregulin-p1 increased
AR protein half-life in LNCaP-CSS cells from ~1 to ~3 hours
(Fig. 6C, quantified in the right). This result indicates that in-
creasing AR protein stability through activation of EGFR or ErbB2
is a mechanism that may contribute to maintaining AR protein
expression in CRPC, particularly if it can become uncoupled from
the down-regulation of AR mRNA.
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Discussion

Previous studies indicate that stimulation of EGFR and ErbB2 can
enhance AR stability and transcriptional function and may contrib-
ute to AR activity in CRPC (6, 15, 18, 22-25, 27). We initially examined
LNCaP PCa cells to further define the molecular basis for these ef-
fects on AR and found that stimulation with both EGF and heregu-
lin-p1 rapidly decreased expression of AR protein and the androgen-
regulated PSA gene over a broad range of DHT concentrations. This
decrease in AR protein was also observed in LAPC4 and C4-2 cells but
not in CWR22Rv1 cells. Consistent with the latter result, AR protein
in another CWR22-derived cell line (CWR-R1) was not changed in
response to EGF or heregulin (18, 23). The rapid AR down-regulation
in response to EGF and heregulin-31 was not prevented by UO126 or
LY294002, indicating that it was not mediated through the Erk or
PI3K pathways. Moreover, AR protein degradation was not rapidly
enhanced by EGF or heregulin-p 1. In contrast, AR mRNA levels were
rapidly decreased by both EGF and heregulin-R1 over a broad range
of DHT concentrations. Decreased AR transcription likely contri-
butes to this decrease, but AR mRNA degradation was also increased
in response to EGF and heregulin-p 1. Taken together these findings
show that EGFR and ErbB2 activation, while having multiple effects
on AR activity through diverse mechanisms, markedly decrease AR
mRNA expression and increase AR mRNA degradation.

The AR has a long 3’ UTR, which contains a highly conserved UC-
rich region implicated in the regulation of mRNA stability (46).
Therefore, EGFR or ErbB2 may regulate expression of RNA binding
proteins that interact with this UC-rich region (47). Decreased AR
mRNA transcription also likely contributes to the marked decrease
in AR mRNA levels in response to EGF and heregulin-31. AR tran-
scription may be regulated by multiple factors, including a suppres-
sor element in the AR 5’ UTR (40, 48-52). Further studies are clearly
needed to define the precise mechanisms by which EGF and here-
gulin-p1 are enhancing AR mRNA degradation and to assess their
effects on AR mRNA transcription.

Previous studies indicated that EGF could enhance AR activity
and that ErbB2 could enhance AR stability and responses to low
levels of androgen (6, 15-18, 23-27). However, other studies in
LNCaP cells found that EGF or HB-EGF decrease AR expression,
consistent with the findings in the current study (28-31). One factor
that may contribute to differences between studies is that results in
some cases are based on transfected AR (15, 18). Another factor is
the use of EGFR/ErbB2 inhibitors in some studies to examine the
effects of basal growth factor receptor activity on the endogenous
AR versus the use of EGF and heregulin-p1 to examine the response
to EGFR/ErbB2 activation in the current study (22, 24, 25). Whereas
one might conclude that decreased AR activity in response to

EGFR/ErbB2 inhibitors would predict increased AR activity in re-
sponse to EGF and heregulin-31, this may not be the case as the
rapid high-level stimulation with EGF/heregulin-31 may be elicit-
ing distinct responses. Therefore, whereas the results in this study
identify a novel mechanism by which EGFR and ErbB2 can suppress
AR expression, the overall response to activation or inhibition of
these receptors in vivo may be variable and not readily predictable
due to interactions between multiple downstream pathways.

As noted above, EGFR and ErbB2 activate multiple downstream
pathways that may directly or indirectly modulate AR expression
and function. One example in this study was that EGF treatment
caused a strong increase in DHT-stimulated PSA expression in
C4-2 cells despite a decrease in AR protein. This is consistent with
a previous study showing that EGF can increase phosphorylation
and activity of the p160 transcriptional coactivator SRC-2/TIF2/
GRIP1 (18). A second example was the ability of the PI3K inhibitor
LY294002 to partially block the heregulin-p1-stimulated decline in
AR protein at 24 hours (but not 8 hours), which is consistent with
a previous study showing that mTOR activation in response to HB-
EGF caused a decrease in AR translation (30). A third example is
that heregulin-p1 increased AR protein stability and stimulated
PSA expression in the LNCaP-CSS cells in the absence of added
DHT. These effects are similar to those observed in LAPC4 cells
adapted to grow under castrate conditions, although their molecu-
lar basis remains to be defined (24). Importantly, the LNCaP-CSS
cells also adapted to androgen deprivation by increasing their
AR mRNA to maintain AR protein levels. However, heregulin-p1 still
markedly decreased AR mRNA levels in these cells so that heregulin-
1 did not increase AR protein levels. It will be important to deter-
mine in CRPC patients whether the mechanisms that decrease AR
mRNA in response to EGF/heregulin-p1 are uncoupled from me-
chanisms that enhance AR transcriptional activity and to determine
whether these former mechanisms can be targeted by drugs to
prevent the increase in AR mRNA levels that occurs in CRPC.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

Received 1/5/09; revised 3/31/09; accepted 4/10/09; published OnlineFirst 6/2/09.

Grant support: NIH, Department of Defense, Dana-Farber/Harvard Cancer Center
Prostate Cancer Specialized Programs of Research Excellence, and Prostate Cancer
Foundation (S.P. Balk); postdoctoral fellowships from Department of Defense
(C. Cai, H. Wang, and X. Jiang); and NIH K99/R00 award (S. Chen).

The costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked advertisement in accor-
dance with 18 U.S.C. Section 1734 solely to indicate this fact.

References

1. Mobhler JL, Gregory CW, Ford OH, et al. The androgen
axis in recurrent prostate cancer. Clin Cancer Res 2004;
10:440-8.

2. Titus MA, Schell M], Lih FB, Tomer KB, Mohler JL.
Testosterone and dihydrotestosterone tissue levels in
recurrent prostate cancer. Clin Cancer Res 2005;11:
4653-7.

3. Montgomery RB, Mostaghel EA, Vessella R, et al.
Maintenance of intratumoral androgens in metastatic
prostate cancer: a mechanism for castration-resistant
tumor growth. Cancer Res 2008:68:4447-54.

4. Stanbrough M, Bubley GJ, Ross K, et al. Increased ex-
pression of genes converting adrenal androgens to tes-

tosterone in androgen-independent prostate cancer.
Cancer Res 2006;66:2815-25.

5. Attard G, Reid AH, Yap TA, et al. Phase I clinical trial
of a selective inhibitor of CYP17, abiraterone acetate,
confirms that castration-resistant prostate cancer com-
monly remains hormone driven. J Clin Oncol 2008;26:
4563-71.

6. Craft N, Shostak Y, Carey M, Sawyers CL. A mecha-
nism for hormone-independent prostate cancer

through modulation of androgen receptor signaling by

the HER-2/neu tyrosine kinase [see comments]. Nat
Med 1999;5:280-5.

7. Berger R, Lin DI, Nieto M, et al. Androgen-dependent
regulation of Her-2/neu in prostate cancer cells. Cancer
Res 2006;66:5723-8.

8. Signoretti S, Montironi R, Manola ], et al. Her-2-neu
expression and progression toward androgen indepen-
dence in human prostate cancer. J Natl Cancer Inst
2000;92:1918-25.

9. ShiY, Brands FH, Chatterjee S, et al. Her-2/neu expres-
sion in prostate cancer: high level of expression associ-
ated with exposure to hormone therapy and androgen
independent disease. ] Urol 2001;166:1514-9.

10. Reese DM, Small EJ, Magrane G, Waldman FM, Chew
K, Sudilovsky D. HER2 protein expression and gene am-
plification in androgen-independent prostate cancer.
Am ] Clin Pathol 2001;116:234-9.

11. Calvo BF, Levine AM, Marcos M, et al. Human epi-
dermal receptor-2 expression in prostate cancer. Clin
Cancer Res 2003;9:1087-97.

Cancer Res 2009; 69: (12). June 15, 2009

5208

www.aacrjournals.org



AR Suppression by EGFR and ErbB2

12. Savinainen K]J, Saramaki OR, Linja MJ, et al. Expres-
sion and gene copy number analysis of ERBB2 oncogene
in prostate cancer. Am J Pathol 2002;160:339-45.

13. Osman I, Scher HI, Drobnjak M, et al. HER-2/neu
(p185neu) protein expression in the natural or treated
history of prostate cancer. Clin Cancer Res 2001;7:
2643-7.

14. Leung HY, Weston ], Gullick W], Williams G. A po-
tential autocrine loop between heregulin-a and erbB-3
receptor in human prostatic adenocarcinoma. Br J Urol
1997;79:212-6.

15. Culig Z, Hobisch A, Cronauer MV, et al. Androgen
receptor activation in prostatic tumor cell lines by insu-
lin-like growth factor-I, keratinocyte growth factor, and
epidermal growth factor. Cancer Res 1994;54:5474-8.

16. Reinikainen P, Palvimo JJ, Janne OA. Effects of mito-
gens on androgen receptor-mediated transactivation.
Endocrinology 1996;137:4351-7.

17. Orio F, Jr., Terouanne B, Georget V, et al. Potential
action of IGF-1 and EGF on androgen receptor nuclear
transfer and transactivation in normal and cancer hu-
man prostate cell lines. Mol Cell Endocrinol 2002;198:
105-14.

18. Gregory CW, Fei X, Ponguta LA, et al. Epidermal
growth factor increases coactivation of the androgen re-
ceptor in recurrent prostate cancer. ] Biol Chem 2004;
279:7119-30.

19. Weber M]J, Gioeli D. Ras signaling in prostate cancer
progression. J Cell Biochem 2004:91:13-25.

20. Kraus S, Gioeli D, Vomastek T, Gordon V, Weber MJ.
Receptor for activated C kinase 1 (RACK1) and Src reg-
ulate the tyrosine phosphorylation and function of the
androgen receptor. Cancer Res 2006;66:11047-54.

21. Guo Z, Dai B, Jiang T, et al. Regulation of androgen
receptor activity by tyrosine phosphorylation. Cancer
Cell 2006;10:309-19.

22. Mellinghoff IK, Tran C, Sawyers CL. Growth inhibito-
ry effects of the dual ErbB1/ErbB2 tyrosine kinase inhib-
itor PKI-166 on human prostate cancer xenografts.
Cancer Res 2002;62:5254-9.

23. Gregory CW, Whang YE, McCall W, et al. Heregu-
lin-induced activation of HER2 and HER3 increases
androgen receptor transactivation and CWR-R1 hu-
man recurrent prostate cancer cell growth. Clin Can-
cer Res 2005;11:1704-12.

24. Mellinghoff IK, Vivanco I, Kwon A, Tran C, Wongvipat
J. Sawyers CL. HER2/neu kinase-dependent modulation
of androgen receptor function through effects on DNA
binding and stability. Cancer Cell 2004;6:517-27.

25. Liu Y, Majumder S, McCall W, et al. Inhibition of
HER-2/neu kinase impairs androgen receptor recruit-
ment to the androgen responsive enhancer. Cancer
Res 2005;65:3404-9.

26. Yeh S, Lin HK, Kang HY, Thin TH, Lin MF, Chang C.
From HER2/Neu signal cascade to androgen receptor

and its coactivators: a novel pathway by induction of
androgen target genes through MAP kinase in prostate
cancer cells. Proc Natl Acad Sci U S A 1999;96:5458-63.

27. Wen 'Y, Hu MC, Makino K, et al. HER-2/neu promotes
androgen-independent survival and growth of prostate
cancer cells through the Akt pathway. Cancer Res 2000;
60:6841-5.

28. Henttu P, Vihko P. Growth factor regulation of gene
expression in the human prostatic carcinoma cell line
LNCaP. Cancer Res 1993;53:1051-8.

29. Adam RM, Kim J, Lin J, et al. Heparin-binding epi-
dermal growth factor-like growth factor stimulates
androgen-independent prostate tumor growth and
antagonizes androgen receptor function. Endocrinology
2002;143:4599-608.

30. Cinar B, De Benedetti A, Freeman MR. Post-tran-
scriptional regulation of the androgen receptor by
Mammalian target of rapamycin. Cancer Res 2005;65:
2547-53.

31. Hakariya T, Shida Y, Sakai H, Kanetake H, Igawa T.
EGFR signaling pathway negatively regulates PSA ex-
pression and secretion via the PI3K-Akt pathway in
LNCaP prostate cancer cells. Biochem Biophys Res
Commun 2006;342:92-100.

32. Lin HK, Yeh S, Kang HY, Chang C. Akt suppresses
androgen-induced apoptosis by phosphorylating and in-
hibiting androgen receptor. Proc Natl Acad Sci U S A
2001;98:7200-5.

33. Lin HK, Wang L, Hu YC, Altuwaijri S, Chang C. Phos-
phorylation-dependent ubiquitylation and degradation
of androgen receptor by Akt require Mdm2 E3 ligase.
EMBO ] 2002;21:4037-48.

34. Lin HK, Hu YC, Yang L, et al. Suppression versus in-
duction of androgen receptor functions by the phospha-
tidylinositol 3-kinase/Akt pathway in prostate cancer
LNCaP cells with different passage numbers. J Biol
Chem 2003;278:50902-7.

35. Gaughan L, Logan IR, Neal DE, Robson CN. Regula-
tion of androgen receptor and histone deacetylase 1 by
Mdm2-mediated ubiquitylation. Nucleic Acids Res 2005;
33:13-26.

36. Taneja SS, Ha S, Swenson NK, et al. Cell-specific reg-
ulation of androgen receptor phosphorylation in vivo.
J Biol Chem 2005;280:40916-24.

37. Krongrad A, Wilson CM, Wilson JD, Allman DR,
McPhaul MJ. Androgen increases androgen receptor
protein while decreasing receptor mRNA in LNCaP
cells. Mol Cell Endocrinol 1991;76:79-88.

38. Kumar MV, Jones EA, Grossmann ME, Blexrud MD,
Tindall DJ. Identification and characterization of a sup-
pressor element in the 5'-flanking region of the mouse
androgen receptor gene. Nucleic Acids Res 1994;22:
3693-98.

39. Grossmann ME, Lindzey J, Kumar MV, Tindall DJ.
The mouse androgen receptor is suppressed by the 5’-

untranslated region of the gene. Mol Endocrinol 1994;8:
448-55.

40. Wang LG, Johnson EM, Kinoshita Y, et al. Androgen
receptor overexpression in prostate cancer linked to
Pura loss from a novel repressor complex. Cancer Res
2008;68:2678-88.

41. Inoue T, Leman ES, Yeater DB, Getzenberg RH. The
potential role of purine-rich element binding protein
(PUR) « as a novel treatment target for hormone-refrac-
tory prostate cancer. Prostate 2008;68:1048-56.

42. Wang LG, Ossowski L, Ferrari AC. Androgen receptor
level controlled by a suppressor complex lost in an an-
drogen-independent prostate cancer cell line. Oncogene
2004;23:5175-84.

43. Taplin ME, Bubley GJ, Shuster TD, et al. Mutation of
the androgen-receptor gene in metastatic androgen-in-
dependent prostate cancer. N Engl ] Med 1995;332:
1393-8.

44. Holzbeierlein J, Lal P, LaTulippe E, et al. Gene expres-
sion analysis of human prostate carcinoma during hor-
monal therapy identifies androgen-responsive genes
and mechanisms of therapy resistance. Am J Pathol
2004;164:217-27.

45. Chen CD, Welsbie DS, Tran C, et al. Molecular deter-
minants of resistance to antiandrogen therapy. Nat Med
2004;10:33-9.

46. Yeap BB, Wilce JA, Leedman PJ. The androgen recep-
tor mRNA. BioEssays 2004;26:672—-82.

47. Yeap BB, Voon DC, Vivian JP, et al. Novel binding of
HuR and poly(C)-binding protein to a conserved UC-
rich motif within the 3’-untranslated region of the an-
drogen receptor messenger RNA. J Biol Chem 2002;277:
27183-92.

48. Kumar MV, Jones EA, Felts SJ, et al. Characteriza-
tion of a TPA-response element in the 5'-flanking re-
gion of the androgen receptor gene. J Androl 1998;19:
595-602.

49. Yang L, Xie S, Jamaluddin MS, et al. Induction of an-
drogen receptor expression by phosphatidylinositol 3-
kinase/Akt downstream substrate, FOX03a, and their
roles in apoptosis of LNCaP prostate cancer cells. J Biol
Chem 2005;280:33558-65.

50. Lindzey J, Grossmann M, Kumar MV, Tindall DJ. Reg-
ulation of the 5'-flanking region of the mouse androgen
receptor gene by cAMP and androgen. Mol Endocrinol
1993;7:1530-40.

51. Mizokami A, Yeh SY, Chang C. Identification of 3',5'-
cyclic adenosine monophosphate response element and
other cis-acting elements in the human androgen recep-
tor gene promoter. Mol Endocrinol 1994;8:77-88.

52. Grad JM, Dai JL, Wu S, Burnstein KL. Multiple andro-
gen response elements and a Myc consensus site in the
androgen receptor (AR) coding region are involved in
androgen-mediated up-regulation of AR messenger
RNA. Mol Endocrinol 1999;13:1896-911.

www.aacrjournals.org

5209

Cancer Res 2009; 69: (12). June 15, 2009





